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Microwave induced nonlocal transport in two-dimensional electron system.
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We observe microwave induced nonlocal resistance in magnetotransport in single and bilayer
electronic systems. The obtained results provide evidence for an edge state current stabilized by
microwave irradiation due to nonlinear resonances. Our observation are closely related to microwave
induced oscillations and zero resistance states in a two-dimensional (2D) electron system.
A few years ago, a new class of the non-equilibrium
phenomena was observed, when an ultrahigh mobility 2D
electron gas, subjected to a weak magnetic field was also
irradiated with microwaves [1]. This included microwave-
induced resistance oscillations (MIROs) [2] and a zero-
resistance state (ZRS)[3]. Many microscopic mechanisms
of MIRO have been proposed, mainly originating from
the scattering-assisted electron transitions between dif-
ferent Landau levels in the presence of microwave exci-
tation. The most developed theories account for spatial
displacement of electrons along the applied dc field un-
der scattering-assisted microwave absorption (”displace-
ment” mechanism) [4, 5], and an oscillatory contribution
to the isotropic part of the electron distribution function
(”inelastic” mechanism) [6]. Both these mechanisms de-
scribe the periodicity and phase of MIROs observed in
experiments and can lead to an absolute negative con-
ductivity σ < 0. ZRS emerges from the instability of a
homogeneous state with σ < 0 and the nonequilibrium
phase transition into a domain state with zero net re-
sistance [22]. Two more alternative approaches to the
MW-induced effects in dissipative resistance, such as the
radiation-driven electron-orbit [8] and near-contact re-
gion [9] models, have been recently proposed.
A striking similarity has been emphasized between
QHE and ZRS: both effects exhibit vanishing longitudi-
nal resistance Rxx, when the propagation along the sam-
ple edge is ballistic, although the magnetic field intensity
is quite different. One naturally expects that a strong
magnetic field stabilizes edge states, and, therefore, that
the QHE is robust against disorder [10]. It has been
shown that microwave radiation can also stabilize guiding
along sample edges in the presence of a relatively weak
magnetic field leading to a ballistic dissipation-less trans-
port regime, which also results in vanishing Rxx [11]. In-
deed such transport is much less robust than those in the
QHE regime and requires samples with ultrahigh electron
mobility. This model also avoids the fundamental as-
sumption made in those approaches [4–6] that cyclotron
harmonic absorption at high j can be explained by the
presence of the short range potential, while in high mo-
bility samples the long range potential plays a dominant
role.
The method used for probing the property of the edge
states is nonlocal electrical measurement. If a finite volt-
age is applied between a pair of the probes, a net current
appears along the sample edge, which can be detected
by another pair of voltage probes far away from the bulk
current path.
In this letter we present studies of the nonlocal re-
sistance in narrow (NQW) and wide (WQW) quantum
wells, which represent single and two-subband 2D sys-
tems respectively, exposed to microwave irradiation. We
find a relatively large (∼ 0.05×Rxx) nonlocal resistance
in the vicinity of the ratio j ≈ ω/ωc ≈ 3.15/4, where ω
is the radiation angular frequency, ωc = eB/m is the cy-
clotron angular frequency, and m is the effective mass of
the electrons. We attribute the observed nonlocality to
the existence of edge states stabilized by microwave irra-
diation and a weak magnetic field. We provide a model
taking into account the edge and bulk contributions to
the total current in the local and nonlocal geometries.
We have studied both narrow (14 nm) and wide
(45 nm) quantum wells with an electron density of ns ≃
1.0 × 1012 cm−2 and a mobility of µ ≃ 1.7 − 3.2 × 106
cm2/V s, respectively, at temperature of 1.4 K and after
a brief illumination with a red diode. Owing to charge
redistribution, WQWs with high electron density form
a bilayer configuration, i.e. two wells near the inter-
faces are separated by an electrostatic potential barrier
and two subbands appear as a result of tunnel hybridiza-
tion of 2D electron states (symmetric and antisymmet-
ric), which are separated in energy by ∆SAS . In NQW
electrons also occupy two subbands after illumination,
but the carrier density of the second subband is much
smaller than the density of the lower subband. We have
measured resistance on two different types of the devices.
Device A is a conventional Hall bar patterned structure
(length l × width w=500 µm×200 µm) with six con-
tacts for identifying nonlocal transport over macroscopic
distances. Device B is designed for multi-terminal mea-
surements. The sample consists of three 5µm wide con-
secutive segments of different length (5, 15, 5µm), and 8
voltage probes [12]. The measurements have been carried
out in a VTI cryostat with a waveguide to deliver MW
irradiation (frequency range 110 to 170 GHz) down to
the sample and by using a conventional lock-in technique
to measure the longitudinal resistance Rxx. In WQW the
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FIG. 1: (Color online) Longitudinal Rxx ( I=1,4; V=2,3) re-
sistance without (no MW) and with microwave irradiation
(144,6 GHz) in (a) a narrow (14 nm) and a (b) wide (45 nm)
quantum well. Arrows indicate the regions of vanishing resis-
tance.
value of ∆SAS = 1.40 meV is extracted from the period-
icity of low-field MIS oscillations, see Ref. [13]. Several
devices from the same wafers have been studied.
In Fig. 1 we present dark resistance and the observa-
tion of a ZRS (marked with an arrow) for 144,6 GHz and
at a temperature of 1.5 K in single layer and bilayer Hall
bar devices. In the presence of the microwave irradia-
tions MIRO appear in NQW, and one of the minimums
develops into ZRS. The resistance of both quantum wells
reveals magnetointesubband (MIS) oscillations caused by
the periodic modulation of the probability of intersub-
band transitions by the magnetic field (see Ref. [13]).
Note, however, that MIS oscillations in the narrow well
are observed at a relatively high magnetic field due to the
low second subband density, and are therefore, they are
almost unaffected by MW radiation. In contrast, expos-
ing a bilayer system to MW leads to interference of the
MIRO and MIS oscillations with enhancement, suppres-
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FIG. 2: (Color online) (a) Nonlocal resistance R26,35 (I=2,6;
V=3,5) under microwave irradiation (143 GHz)in a wide (45
nm) quantum well with decreasing microwave power. (b)
Nonlocal resistance R26,35 (I=2,6; V=3,5) without (no MW)
and under microwave irradiation (144,6 GHz) in a narrow (14
nm) quantum well. Insets show the measurement configura-
tion.
sion or inversion of the MIS peak correlated with MW
frequency [14]. Moreover, a zero resistance state devel-
ops from the MIS maximum [15].
For the same samples with a Hall bar pattern, the
nonlocal resistance RNL = R26,35 (I=2,6; V=3,5) was
also measured. Figure 2 shows R26,35 for both types of
quantum wells (WQW and NQW) in the presence of mi-
crowave irradiation and at different intensities of radi-
ation. Both samples display a prominent peak in non-
local resistance corresponding to a peak in Rxx around
j ≈ 3.15/4. However, examination of figures 1 and 2
reveals a drastic difference between local and nonlocal
effects. In particular, the second peak at B ≈ 0.18T in
local resistance, which has almost the same amplitude as
the peak near 0.4 T, vanishes in the nonlocal resistance
for WQW. Figure 3 illustrates microwave -induced non-
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FIG. 3: (Color online) Nonlocal R26,35 (I=2,6; V=3,5) resis-
tances for a narrow (a) and wide (b) quantum wells and for
different microwave frequencies. Insets show the measurement
configuration.
local resistance for three chosen frequencies. One can see
only one dominant peak near B ≈ 0.4T . The magni-
tude of the peak varies with frequency due to the vari-
ation in microwave power. The position of the peak in
NQW is correlated with frequency, while, in the bilayer
system, peaks developed from combined MIS-MIR oscil-
lations, and therefore, their location depends on subband
splitting and is less sensitive to frequency [15].The classi-
cal ohmic contribution to the nonlocal effect is given by
RclassicalNL ≈ ρxx exp(−piL/w) for narrow strip geometry
where L is the distance between the voltage probes, and
w is the strip width [16]. For our geometry we estimate
RclassicalNL /Rxx ≈ 3×10
−4 for a zero magnetic field. In the
QHE regime, the nonlocal resistance RNL arises from the
suppression of electron scattering between the outermost
edge channels and the backscattering of the innermost
channel via the bulk states [10, 17, 18]. It appears only
when the topmost Landau level is partially occupied, and
scattering via bulk states is allowed.
We have also measured the nonlocal response in de-
vice B in other geometries and found similar behavior.
Note, however, that these samples have less mobility
( 0.9×106cm2/V s), and demonstrate microwave-induced
nonequilibrium oscillations of smaller amplitude, with-
out reaching the zero resistance state. These and other
measurements described in [12] provide evidence for mi-
crowave induced edge state transport in the low magnetic
field regime. Nonzero nonlocal resistance implies that the
dissipation-less edge state transport persists over macro-
scopic distances, because the length of the edge chan-
nels are determined by the distance between the metallic
contacts (∼ 1mm), or at least, by the distance between
potential probes (∼ 0.5mm).
FIG. 4: (Color online) (a) Examples of electron trajectories
along the sample edge for several values of j = 5/4, 3.15/4,
2.8/4; (b) Poincare´ section of for j = 2.8/4, (c) j = 3.15/4,
(d) j = 5/4 at y-polarized field with ε = 0.02.
The nonlocal effect described above can be understood
within a common framework based on modern nonlin-
ear dynamics. As was indicated in [11] for propagating
4edge channels, a microwave field creates a nonlinear reso-
nance well described by the standard map, known as the
Chirikov standard map [19]. In our case it is constructed
by a Poincare´s surface of a section for electrons moving
in the vicinity of the sample edge modeled as a specular
wall in the presence of the microwave driving field. The
details of the model are described in [11]. In order to
compare the theory with our experiment, we extend the
results of this model to our specific sample parameters
and experimental conditions [12]. We are mostly inter-
ested in the dynamics of electrons in the vicinity of the
ratio j = 3.15/4, where the microwave induced peak in
the nonlocal response is observed (figs. 2,3). Figure 4a
shows electron trajectories in the edge vicinity for differ-
ent values of the ratio j. One can see that the microwave
field strongly modifies the dynamics along the edge. The
figures 4 b,c,d show Poincare´ sections for the wall model
and different values of the magnetic field corresponding
to the peak in RNL around B = 0.42T (j = 3.15/4), on
the high- field side of the peak (j = 2.8/4) and on the
resistance minima (j = 5/4). For j = 5/4 Poincare´ sec-
tions exhibit periodic and quasiperiodic trajectories sur-
rounded by a chaotic sea. For j = 2.8/4 and j = 3.15/4
Poincare´ sections exhibits less stable dynamics, but a pe-
riodic component remains present. The existence of the
periodic orbits plays a fundamental role in the local and
nonlocal resistivity of a 2D gas. The truly dissipation-
less edge channels may carry the same electrochemical
potential µ over a macroscopic distance to the different
voltage probes. As a consequence, ∆µ = 0 which re-
sults in vanishing Rxx and RNL. If a certain fraction of
the edge states are scattered into the bulk, it leads to
different local chemical potentials, finite ∆µ and resis-
tivity. This situation closely resembles the QHE, when it
is possible to treat the edge and bulk conducting path-
ways separately. This may lead to nonlocal resistivity.
For example, in the QHE regime the nonlocal resistance
RNL arises from the suppression of electron scattering
between the outermost edge channels and backscattering
of the innermost channel via the bulk states [10, 17, 18].
It is worth noting that the actual shape of the wall po-
tential is rather parabolic than the hard wall. We have
compared nonlinear resonance and Poincare´ sections for
both potential and found no difference in the dynamics
of electrons (for details see [12]).
However, demonstration of the existence of the peri-
odic orbits stabilized by the MW field is not enough to
justify the nonlocal response and some further qualita-
tive analysis might be required to compare the magni-
tude of RNL with calculations using the simple model.
In the rest of the paper, we provide a model describ-
ing the edge and bulk contribution to local and nonlo-
cal resistance [12]. The mechanism responsible for the
observed peak in local and nonlocal magnetoresistance
near j = 3.15/4 relies on the combination of the edge
state and bulk transport contributions, when bulk-edge
coupling is taken into account [20]. The bulk electrons
and edge modes are consequently described by the lo-
cal chemical potentials ψ and ϕ. We can introduce the
phenomenological constant g, which represent scattering
between modes ϕ and ψ. The edge state transport can
be described by equations for particle density [18, 20],
taking into account the scattering between edge modes
and the bulk [12]. The model reproduces the experimen-
tal values of the local R14,23 ≈ 40 ohm and nonlocal
R26,35 ≈ 1.2 ohm resistances with adjustable parameter
g = 0.005µm−1. Note, however, that more precise calcu-
lations require exact knowledge of the fractions of elec-
trons channeling along the wall P . Taking into account
the total number of the Landau levels near B ≈ 0.42 T,
N ≈ 120, we may choose M = P × N ≈ 1 − 3 and a
current carried by edge channels I ∼Me2ϕ/h.
A consensus, based on many experimental studies, in-
cluding magnetic field, frequency, temperature etc de-
pendencies, now exists concerning the ”inelastic” mecha-
nism, which may by now be considered as the dominant
contribution to MIRO and ZRS in a high mobility elec-
tron system [1]. Moreover, observation of ZRS in Corbino
geometry [21] and contactless [22] measurements strongly
indicates that microwave induced nonequilibrium effect
is the bulk rather than the edge state phenomenon. Our
finding may indicate that MIRO and ZRS are a very rich
physical phenomenon, which results from a combination
of the both bulk and edge state contributions. We be-
lieve that ZRS phenomena is somewhat like a quantum
Hall effect (although not exactly the same), which can
be described as a bulk or/and edge phenomena (see for
example [23]). Indeed both descriptions are experimen-
tally supported from measurements: the observation of
the nonlocal effects clearly demonstrates edge-state con-
duction [17], and observation of the charge transfer in
Corbino geometry, where edge transport is shunted via
concentric contacts, show that the quantum Hall effect
as a consequence of pure bulk transport is possible [24].
From our experiment we may conclude that the edge
state effect is dominant or comparable with bulk con-
tribution near ω/ωc ≈ 3.15/4. Note, however, that our
result does not explicitly rule out the bulk mechanism
near minimum j = 5/4 and, therefore, does not contra-
dict with previous investigations.
In conclusion, we have observed a microwave induced
nonlocal magnetoresistance peak in the vicinity of the
ratio ω/ωc ≈ 3.15/4. This data offer evidence that, in a
low magnetic field, MW induced edge-state transport re-
ally extends over a macroscopic distance of ∼ 1mm. We
compare our results to a transport model that takes into
account the combination of the edge state and the bulk
transport contributions and the backscattering within
the bulk-edge coupling.
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